Background Management of osteonecrosis of the femoral head remains challenging. Core decompression and free vascularized fibular grafting are commonly used surgical procedures for treatment of osteonecrosis of the femoral head. Few studies, however, have compared these two procedures in a randomized controlled study, in terms of improved vascularity of the femoral head, progression of disease, or hip scores. Question/purposes (1) What is the effect of core decompression and fibular grafting on vascularity of the femoral head as measured by single-photon emission CT (SPECT)/CT? (2) Does one of these two methods lead to greater progression of Association Research Circulation Osseous (ARCO) stage as determined by serial MRI? (3) What is the relationship between the change in vascularity of the femoral head and hip function as measured by the Harris hip score (HHS) and progression to THA as an endpoint? Methods A randomized controlled trial was performed between June 2010 and October 2012 at Zhongshan Hospital, Fudan University. During the study period, 51 patients who presented with ARCO Stages I to IIIB bilateral osteonecrosis were potentially eligible for inclusion, and 33 patients were identified as meeting the inclusion criteria and offered enrollment and randomization. Six patients declined to participate at the time of randomization, leaving a final sample of 27 participants (54 hips). Bilateral hips of each patient were randomly assigned to surgical options: one side was treated with core decompression and the contralateral side was concurrently treated with fibular grafting. SPECT/CT examinations were performed to quantify radionuclide uptake to evaluate vascularity of the femoral head before treatment and at 6 and 36 months after surgery. With the numbers available, we found no differences between the groups regarding vascularity at baseline (64% ± 8% core decompression-treated hips versus 64% ± 7% in the fibular-grafted hips; 95% CI, À5% to 5%; p = 0.90). MR images of the hips were obtained before surgery and at 6, 12, 24, and 36 months postoperatively and staged based on the ARCO classification. All patients were assessed clinically before treatment and followed up at 6, 12, 18, 24, 30, and 36 months after treatment using the HHS. We considered a difference in the HHS of 10 as the minimal clinically important difference (MCID). Patient progression to THA was defined as the endpoint for followup. Six patients (22%) were lost to followup. Results By SPECT/CT analysis, decompression-treated hips had lower vascularity than fibular-grafted hips at 6 months (68 % ± 6% versus 95% ± 5%; mean difference, À27%; 95% CI, À32% to À23%; p \ 0.001) and 36 months (57% ± 4% versus 91% ± 3%; mean difference, À34%; 95% CI, À37% to À32%; p\0.001). MRI analysis showed no differences between decompression-treated hips and fibular-grafted hips regarding ARCO stage at 12 months (p = 0.306) and 24 months (p = 0.06). Progression of ARCO staging was more severe in the decompression group than the fibular grafting group at 36 months (p = 0.027). The mean HHS was lower in the decompression group than in the fibular grafting group throughout the followup period, although these differences were at or below the MCID of 10 points early on. However, by 18 months, the scores favored fibular grafting (72 ± 4 versus 84 ± 4; mean difference, À13; 95% CI, À15 to À7; p \ 0.001), a finding that was maintained at 24, 30, and 36 months. We found no differences between decompressiontreated hips and fibular-grafted hips regarding progression to THA at 36 months (two of 21; p = 0.893). Conclusions Hips that underwent a vascularized fibular grafting procedure fared better than hips receiving core decompression as measured by improved vascularity and less progression of osteonecrosis as measured by ARCO staging. The mean HHS of the fibular-grafted hips was better than that of the decompression-treated hips during the entire postoperative period, but the differences were modest early on, and for the early postoperative period the differences were unlikely to have been clinically important; by 18 months after surgery, the differences probably were clinically important. The mid-term outcomes associated with vascularized fibular grafting seen in our patients are associated with improvements in femoral head vascularity and the potential for bone revitalization. Level of Evidence Level I, therapeutic study.
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Introduction
Osteonecrosis of the femoral head is a relatively common condition that can be especially devastating because of its propensity to affect young individuals [18, 24, 29] . It is usually bilateral [27] , and management is challenging. Although the pathogenesis of osteonecrosis remains poorly understood, it is generally accepted that various traumatic and nontraumatic insults compromise the already precarious circulation of the femoral head, leading to bone marrow and osteocyte death [17] . Without treatment, more than 70% of femoral heads with osteonecrosis collapse and require prosthetic replacement within 3 years of diagnosis according to Ohzono et al. [20] , who observed the natural progression of 115 untreated hips. Early intervention before collapse may improve the success of joint-preserving procedures.
Numerous treatment options have been described to prevent or at least delay disease progression and femoral head collapse [11, 21] . Core decompression is a surgical procedure that can reduce intramedullary pressure, one of the main pathogenic mechanisms of avascular necrosis, particularly in precollapse stages [15] . Creeping substitution to the necrotic area occurs by bringing a blood supply through drilled channels after decreasing the intramedullary pressure [23, 25] . Bednarek et al. [4] investigated 63 patients with osteonecrosis (72 hips) who were treated with core decompression filled with bone grafts and reported that 45 hips (63%) obtained pain relief with preservation of a spherical femoral head after 1 year followup. In recent years, modified core decompression has become one of the most-reliable and most-commonly used methods for treating the early stages of osteonecrosis of the femoral head [4, 9, 11, 27, 34] .
Free vascularized fibular grafting is another important hip-preserving approach for treatment of osteonecrosis. A vascularized fibula provides support for the articular surface, reduces intraosseous pressure, removes and replaces the necrotic tissue, and improves the biologic microenvironment of the region [3, 28, 31] . Ü nal et al. [28] reported that free vascularized fibular grafting yielded excellent postoperative Harris hip scores (HHS) in 13 patients (50%) and good HHS in eight patients (21%) in a 7.6-year followup study. It is believed that the key role of this microsurgical technique is to provide adequate revascularization to the new subchondral bone while at the same time maintaining appropriate mechanical support of the femoral head [6, 7, 13] .
Neither core decompression nor free vascularized fibular grafting are new. However, to our knowledge, no published study has compared the effect of decompression and fibular grafting on the blood supply of the femoral head or the relationship between blood supply and hip function. Therefore, we conducted a randomized controlled clinical trial in which both surgical procedures were used to treat patients with bilateral osteonecrosis. We asked the following questions: (1) What is the effect of core decompression and fibular grafting on vascularity of the femoral head as measured by single-photon emission CT (SPECT)/CT? (2) Does one of these two methods lead to greater progression of Association Research Circulation Osseous (ARCO) stage as determined by serial MRI? (3) What is the relationship between the change in vascularity of the femoral head and hip function as measured by the HHS and progression to THA as an endpoint?
Patients and Methods
This study was a randomized, controlled, single-institution trial of two surgical procedures performed in the same patients for treatment of bilateral osteonecrosis of the femoral head. From June 2010 to October 2012, patients with bilateral osteonecrosis were recruited at the Zhongshan Hospital of Fudan University. The diagnosis and staging of bilateral osteonecrosis were made based on plain radiographs and MR images according to the ARCO classification system [19] . The inclusion criteria for patients consisted of age between 18 and 55 years and the presence of ARCO Stages I to IIIB bilateral osteonecrosis. The exclusion criteria consisted of pregnancy; a history of femoral head and neck fracture, tumor, or any other hip disorder; current or previous infections; previous surgical or invasive intervention on a hip, including core decompression, bone graft implantation, titanium implantation, or osteotomy; steroid treatment during the last 6 months; diagnosis of a systemic disorder such as diabetes, rheumatoid arthritis, or hepatitis; inability to understand or follow instructions; and mental health problems.
Twenty-seven patients (54 hips) with osteonecrosis were enrolled in the current study. These patients were randomly assigned to receive a core decompression augmented with autologous bone grafting in one hip and concurrent contralateral free vascularized fibular grafting. For each patient, surgery was first performed on the left hip, and the selection of decompression or fibular grafting was made following the randomization sequence created by a third party (TF) not involved in this study; the other surgical procedure was performed on the right hip under the same anesthetic.
Followups were done at 6, 12, 18, 24, 30, and 36 months postoperatively. Six patients (22%) did not complete followup, including five who were excluded from the vascularity assessment owing to lack of a SPECT/CT examination. A total of 21 patients (42 hips) completed the entire 3-year followup and were assessed for vascularity, HHS, and ARCO stage (Fig. 1) .
The etiology of the disease was believed related to steroid medication in seven patients, alcohol abuse in eight, and idiopathic in six (Table 1 ). According to the ARCO classification, three hips in the core decompression group were classified as Stage I, thirteen as Stage II, and five as Stage III; two hips in the fibular grafting group were classified as Stage I, thirteen as Stage II, and six as Stage III. There were 12 instances of patients with a different ARCO classification in each hip. With the numbers available, we found no differences between groups regarding quantitative SPECT/CT vascularity at baseline (core Fig. 1 The flow chart shows distribution of the study subjects from enrollment to the end of the study.
decompression-treated hips: 64% ± 8% versus fibulargrafted hips: 64% ± 7%; mean difference, 0.31%; 95% CI, À5% to 5%; p = 0.90) ( Table 2) . We found no differences between groups regarding HHS at baseline (decompression-treated hips: 61 ± 7 versus fibular-grafted hips 59 ± 9; mean difference, 2; 95% CI, À3 to 7; p = 0.39) ( Table 2) . We also observed no association (p = 0.631) between the two groups in terms of baseline ARCO stages (Table 2) .
Surgical Procedure
Core Decompression and Bone Grafting Surgery was performed with the patients under general anesthesia and in the supine position. A 2-to 3-cm straight incision was made from the tip of the greater trochanter distally. A 2.5-mm Kirschner pin was inserted toward the anterolateral necrotic area of the femoral head until it was 0.5 cm beneath the subchondral bone, as observed with the C-arm radiograph. A cannulated custom-made hollow reamer then was used to broach the tunnel along the pin to 0.5 cm below the subchondral bone; part of the necrotic bone was removed from the reamer, and a curette was used to remove the rest of the necrotic bone. We designed a different diameter T-shaped hand tap to broach the tunnel to 10 to 15 mm, which was determined based on the contralateral free vascularized fibular graft diameter. Then autologous bone grafts that were obtained from the iliac crest were tightly packed in the necrotic area with a custom-made tamp (Fig. 2) .
Free Vascularized Fibular Grafting
The free vascularized fibular grafting was performed as described previously [10] . All patients underwent surgery by the same surgical team with experience in microsurgery. To reduce the operative time, preparation of the hip and harvesting of the fibular graft were performed concurrently by two teams.
Postoperative Management
Second-generation cephalosporins were administered twice a day for 3 days after surgery for prophylaxis. Prophylactic anticoagulation involved daily intravenous administration of low-molecular-weight dextran for 3 days and subcutaneous administration of low-molecular-weight heparin for 7 days. Gentle passive mobilization of the hip and knee began 7 days after surgery, while active mobilization was initiated 4 weeks postoperatively. The femoral head was protected from weightbearing for 3 months with patients using a wheelchair or two crutches; gradual weightbearing with the use of crutches was allowed after 3 months.
Outcome Assessment

SPECT/CT Examination and Quantitative Analysis
SPECT/CT examination was performed before surgery and at 6 and 36 months postoperatively, as previously described [33] . The data from SPECT/CT were analyzed by two experienced nuclear medicine physicians (YG and HY) who were not involved in the surgery or with group assignment. The SPECT images were processed with Astonish technology (Astonish Technologies-Philips, San Jose, CA, USA) and integrated with the CT image using SYNTEGRA TM image fusion software (Precedence 1 scanner; Philips, San Jose, CA, USA). The physicians continuously outlined the same-size region of interest (ROI) on both sides of the femoral head and the first sacral vertebra on all images; the ROI curve then was automatically generated on the SPECT/CT fusion images along with a three-dimensional reconstruction of the final image. The SYNTEGRA program calculates the radioactive nuclide counting of the ROI and expresses this calculation as c photons/cm 3 . To minimize errors caused by radionuclide dose and the examining time, we used the c photon numbers per unit volume (1 cm 3 ) ratio in the surgical site against the c photon numbers per unit volume in the first sacral vertebra to express the vascularity (V) status or blood supply of the femoral head. 
where CD = core decompression and FVFG = vascularized fibular grafting.The vascularity status of the femoral head in decompression-treated hips before surgery and at 6 and 36 months after surgery was recorded as Vcd0, Vcd1, and Vcd2, respectively. The vascularity status of the femoral head in fibular-grafted hips before surgery and at 6 and 36 months after the operation was recorded as Vf0, Vf1, and Vf2, respectively.
MRI Examination
Outcomes also were evaluated with MR images that were obtained with a 1.5-T Siemens Aera 1 MRI scanner (Siemens Healthcare GmbH, Erlangen, Germany). Images of the hips were obtained before surgery and at 6, 12, 24, and 36 months postoperatively. The MRI findings then were staged based on the ARCO classification.
Clinical Outcomes
All patients were assessed before treatment and 6, 12, 18, 24, 30, and 36 months after the treatments; the assessment included plain film radiographs and HHS. Considering both hips of each patient were surgically treated at the same time, we recorded pain, limp, ROM, and deformity for each hip, and the function part of the HHS including walking distance, activities such as putting on shoes and socks, use of support such as a cane, ability to sit, use of stairs, and use of public transportation, were considered as a common score and added to the total HHS of each surgically treated hip.
Because it is difficult to differentiate the functional disability of the HHS from one hip to the contralateral hip in terms of walking distance, activities such as putting on shoes and socks, use of a support such as a cane, sitting ability, stairs, and use of public transportation, since those activities are shared by the more-and less-affected hips, the minimum clinically important difference (MCID) as estimated for the HHS will tend to be decreased in this study, which evaluated bilateral hips in the same patients. Others have identified a MCID of 16 to 18 points on the 100-point HHS [26] ; because our between-group differences were likely to be depressed for the reason described, we defined a priori a difference of 10 points on the HHS to represent the MCID in this study.
Clinical failure was defined as deterioration of clinical symptoms that were severe enough to result in THA, and progression to THA was designated as the endpoint for followup.
Statistical Analysis
Hip survival was calculated via the Kaplan-Meier method using conversion to THA as an endpoint. The log-rank test was used to compare the survival rate between the two groups. Comparisons between the two groups were performed using a paired t-test (for continuous data) and Wilcoxon rank sum test (for nonparametric data). A probability less than 0.05 was considered statistically significant. All analyses were performed using SAS 1 software (SAS Institute Inc, Cary, NC, USA).
Results
Vascularity Analysis on SPECT/CT
We found that decompression-treated hips had lower vascularity as measured by SPECT/CT than fibular-grafted hips at 6 months (68% ± 6% versus 95% ± 5%; mean difference, À27%; 95% CI, À32% to À23%; p\0.001) and 36 months (57% ± 4% versus 91% ± 3%; mean difference, À34%; 95% CI, À37% to À32%; p\0.001) (Fig. 3) . SPECT/CT images show the differences seen in the ROI (Fig. 4) .
MRI Assessment During Followup
The MRI results of the patients in the core decompression group showed that nine hips (43%) progressed in ARCO stage after surgery, two (10%) of which underwent subsequent THA. In the fibular-grafted group, one Stage II hip markedly progressed to Stage IV and required THA at 24 months after surgery. The distribution of ARCO stages in the core decompression group and fibular grafting group are shown (Table 3 
HHS and Progression to THA
Core decompression-treated hips had lower HHS than vascularized fibular-grafted hips at every postoperative time measured (Fig. 5) ; however, it was only after 18 months that the difference exceeded the MCID that we identified a priori of 10 points, meaning that the differences in favor of fibular grafting observed at earlier times were unlikely to have been clinically important to patients. The core decompression group had lower scores at 6 months (67 ± 6 versus 76 ± 5; mean difference, À9; 95% CI, À12 to À6; p\0.001), 12 months (71 ± 6 versus 81 ± 3; mean difference, À10; 95% CI, À13 to À7; p \ 0.001), 18 months (72 ± 4 versus 84 ± 4; mean difference, À13; 95% CI, À15 to À7; p\0.001), 24 months (70 ± 5 versus 84 ± 9; mean difference, À14; 95% CI, À17 to À11; p\0.001), 30 months (69 ± 5 versus 83 ± 3; mean difference, À14; 95% CI, À17 to À11; p \ 0.001), and 36 months (68 ± 5 versus 82 ± 3; mean difference, À14; 95% CI, À17 to À11; p \ 0.001). The differences in HHS mainly were attributable to the pain improvement.
At 24 months followup, one patient had progressed to having bilateral THAs. Another patient had the decompression-treated hip progress to THA at 30 months after surgery (Fig. 6) . In the survival analysis, we found no difference between the two groups with conversion to THA as the endpoint at 36 months (two of 21 versus one of 21; log-rank test; p = 0.893).
Discussion
The goal in the treatment of osteonecrosis is to prevent head collapse and delay THA, especially in young individuals. However, the most-effective treatment for osteonecrosis continues to be debated [5, 13] . Maintenance of femoral head shape and the articular surface and halting progression of the disease appear to be among the preferred methods for avoiding arthrosis of the hip [5] . Modified core decompression plus implantation of bone progenitor cells has become one of the most-reliable and most-commonly used methods for treating osteonecrosis [11, 17, 21, 23, 27] . Although technically more complex, free vascularized fibular grafting is also a biologic option for hip preservation that may last 20 years or longer [1-3, 10, 31, 32] . It generally is accepted that vascularized fibular grafting is more likely to result in hip preservation by supporting the subchondral structure of the femoral head, reducing intraosseous pressure, removing and repairing necrotic tissue, and providing viable cortical and spongy bony structure in the treatment of osteonecrosis, which is especially preferred in young adults before radiographic collapse of the femoral head [10, 14] . Our randomized, controlled clinical trial was designed to evaluate the clinical outcome of core decompression and free vascularized fibular grafting in the treatment of osteonecrosis while also focusing on vascularity as shown by SPECT/CT and progression of ARCO stage based on followup MRI. I  3  3  1  2  2  2  2  2   II  13  12  11  8  7  13  13  13  12  12   III  5  6  9  12  12  6  6  6 This study has numerous limitations. First, the number of patients in the study who had complete followup is relatively small. Six patients left the study owing to lack of SPECT/CT results or geographic relocation, which might have altered the outcomes and conclusions. The majority of the patients in our hospital are referred from other regions of China, which makes consistent followup difficult. Although our study is small, it has the advantage of comparing similar stages of necrosis in both hips of the same patient while examining the effects of two dissimilar procedures; therefore, we believe the number of patients is adequate for this type of study. Second, necrotic lesions of the femoral head were not analyzed. The focus of our study was vascularity of the femoral head and functional outcomes, which did not necessarily correlate with the MRI results. Evaluating bone graft healing and repair of the femoral head after surgery is difficult using two-dimensional MR images, which is why we elected to design a SPECT/CT study. The MRI analysis did not substantially contribute to our findings. Third, we assessed HHS per hip in the current study. It was very difficult to differentiate the functional disability of the HHS from one hip to the contralateral hip in terms of walking distance, activities such as putting on shoes and socks, use of a support such as a cane, sitting ability, stairs, and use of public transportation, since those activities are shared by the more-and lessaffected hips, so we used these same scores for each hip simultaneously. This would tend to depress the observed difference of the HHS. This also makes it difficult to use the published MCIDs of the HHS in the current study; others have identified a HHS of 16 to 18 as the MCID for that scoring tool [26] . Given that between-hip score differences were depressed here because function (walking distance, sitting ability, stairs) could not readily be distinguished between two hips in each patient, we defined a priori a difference of 10 points on the HHS to represent the MCID, but this is a best estimate given what is known; readers may reasonably consider it imprecise. Although the HHS of the fibular-grafted hips were better than those of core-decompressed hips, using the HHS we could not easily compare function between the hips for the reason described above; the differences we observed in the HHS were principally driven by pain. The long-term effect of improved vascularity of the femoral head and HHS still need to be defined; 3 years is probably not enough time to evaluate the durability of either procedure, given that the patients who undergo these procedures tend to be younger.
Our results showed that fibular-grafted hips had an increase in vascularity or blood supply of the femoral head compared with the core-decompressed hips. SPECT/CT analysis showed that vascularized fibular-grafted hips had higher vascularity than core-decompressed hips at 6 months and 36 months after surgery. The theoretical advantage of free vascularized fibular grafting is the inclusion of a new blood supply at the time of surgery, which allows for invasion of osteoinductive progenitor cells, revitalizing the once-necrotic zone, leading to restoration of a healthy subchondral plate [2] . Although comparison of nonvascularized and vascularized bone grafts has yielded supportive results [12, 22] , improvement of blood flow to the femoral head after free vascularized fibular grafting is still poorly studied and lacks reliable imaging evidence. Zhao et al. [35] used digital subtraction angiography when selecting the vascularized bone graft for treatment of osteonecrosis. Digital subtraction angiography assessment was based on their experience in determining the circulation time and health of the femoral head. In 2016, Fontecha et al. [8] first reported femoral head bone Fig. 6 Survivorship curves for the hips in each treatment group, with conversion to THA as the endpoint are shown. Kaplan-Meier survivorship analysis showed no differences between the two groups in survival rates at 36 months after surgery. Log-rank test; p = 0.893; CD = core decompression; FVFG = free vascularized fibular grafting.
viability of nine patients (10 hips) who underwent vascularized fibular grafting using SPECT/CT. They compared the fibular graft SPECT/CT signal intensity with the intensity at the ipsilateral proximal femoral diaphysis. A lower fibular graft intensity was given a score of 1, equal intensity of both was given a score of 2, and a higher fibular graft intensity was given a score of 3. The SPECT/ CT findings revealed a progressive increase of femoral head uptake in all 10 hips, suggesting subchondral graft bone viability. In the current study, we performed SPECT/ CT to quantify the uptake of a radionuclide to assess vascularity of the femoral head after core decompression and free vascularized fibular grafting for treatment of bilateral osteonecrosis. Our results showed that vascularized fibulargrafted hips had an increase in vascularity or blood supply of the femoral head compared with the core decompression-treated hips, which supported the previous hypothesis concerning relevance of the vascular supply of the femoral head.
We found more progression to arthritis in the group treated with core decompression than the group treated with vascularized fibular grafting. Core decompression is one of the least-invasive femoral head-preserving procedures and is most effective during the early stages of osteonecrosis. This contrasts with the results of nonoperative treatment, wherein rates of femoral head preservation are low, and progression to collapse is rapid [16, 30] . This duration of preservation among patients with failed femoral head preservation compares favorably with results observed after core decompression. Scully et al. [24] compared 98 core decompression-treated hips (72 patients) with 614 free vascularized fibular-grafted hips (480 patients) with Ficat Stages I to III osteonecrosis. None of the 11 Stage I hips progressed to THA. The survival rate of fibular-grafted Stage II hips was 89%, compared with 65% of decompression-treated hips at the same stage, at 50 months of followup [24] . Similarly, the survival rate of fibular-grafted Stage III hips was 50%, compared with 21% of core-decompressed hips at this stage, at 50 months of followup [24] . Their result suggested that application of a vascularized fibular cortical strut to the subchondral bone may be superior to core decompression alone in terms of mechanical support and biologic enhancement of the necrotic femoral head.
Compared with the core decompression group, the increase in HHS observed in the fibular-grafted group mainly was attributable to pain improvement. Most of the patients showed apparent pain relief 6 months after surgery, which might be attributable to the improvement of vascularity of the femoral head. However, our betweengroup differences only reached the predefined MCID of 10 points (favoring fibular grafting) by 18 months after surgery. Given that the grafting procedure is much larger, it is perhaps not surprising that earlier HHS differences, which were mainly driven by pain, might not have been very great. We also note that at no point did the between-group difference in the HHS reach the 16 to 18-point MCID as defined by Singh et al. [26] ; however, given that we evaluated bilateral hips in the same patients, the HHS in our study likely were depressed by the functionally worse of the two hips, and the MCID should likewise be considered smaller in a study of this design. We believe that a MCID of approximately 10 points in a study of our design to be appropriate, although we recognize this may be somewhat imprecise. We note, however, that scores greater than 80 on the HHS are considered good; reported HHS of fibular-grafted hips are frequently in excess of 80 [7, 10, 22, 29] . Our mean HHS was 82 at the end of a 3-year followup.
Hips treated with fibular grafting achieved greater vascularity, and by 3 years, improved ARCO staging. By 18 months after surgery, the hips treated with vascularized grafting also achieved a clinically important difference in terms of higher hip scores than those treated with core decompression, a difference that was certainly driven principally by pain relief (since functional differences are not distinguishable using the HHS in bilateral hips in the same patients). There were no between-group differences in terms of conversion to THA during this relatively short surveillance period. However, 3 years of followup may be too short, and future studies with longer-term followup are needed to determine whether fibular grafting can achieve sustained improvement in the vascularity of the femoral head, hip function, and avoidance of THA.
